Tropopause folds are one of the mechanisms of stratosphere-troposphere exchange, which can bring ozone rich stratospheric air to low altitudes in the extra-tropical regions. They have been widely studied at northern mid-or high latitudes, but so far almost no studies have been made at mid-or high southern latitudes. The Moveable Atmospheric Radar for Antarctica (MARA), a 54.5 MHz wind-profiler radar, has operated at the Swedish summer station Wasa, Antarctica (73 • S, 13.5 • W) during austral summer seasons from 2007 to 2011 and has observed on several occasions signatures similar to those caused by tropopause folds at comparable Arctic latitudes. Here a case study is presented of one of these events when an ozonesonde successfully sampled the fold. Analysis from European Center for Medium Range Weather Forecasting (ECMWF) is used to study the circumstances surrounding the event, and as boundary conditions for a mesoscale simulation using the Weather Research and Forecasting (WRF) model. The fold is well resolved by the WRF simulation, and occurs on the poleward side of the polar jet stream. However, MARA resolves fine-scale layering associated with the fold better than the WRF simulation.
Introduction
Ozone in the atmosphere plays an important role in both the stratosphere and troposphere. It is perhaps best known for its role in the stratosphere where it absorbs UV radiation, thus protecting the biosphere from harmful radiation. Other important aspects of ozone's role in the atmosphere include, for example, heating of the stratosphere by UV absorption, making the stratosphere strongly statically stable and inhibiting mixing between the stratosphere and troposphere. Ozone in surface air is well known as a toxic pollutant but it also acts as a short-lived greenhouse gas and, together with water vapour, it plays an important role in controlling the lifetime of many other tropospheric trace gases. Ozone in the troposphere is also an important tracer of transport, both downward transport from the stratosphere and horizontal transport of air from areas affected by biomass burning or industrial pollution (Randriambelo et al., 2000) . Long-range transport, which can be traced with the help of ozone measurements, influences not only the local atmospheric air quality, but, in the case of polar regions, also the climate record stored in the ice in terms of many other trace gases and their isotopic composition (see e.g. Helsen et al., 2007) .
Globally, the main source of ozone (O 3 ) in the troposphere is photochemistry within the troposphere, both naturally occurring and due to pollution. However, for understanding long-term development and budgets of O 3 in the troposphere, the stratospheric source is important, particularly where or when the atmosphere is not strongly affected by modern industrial sources or biomass burning. For example, the model study (based on ECMWF global data sets) by Lelieveld and Dentener (2000) , suggested that 40-60 % of tropospheric ozone in pre-industrial times came from the stratosphere, with similar contributions estimated even for present day conditions for remote Southern-Hemisphere locations such as Antarctica. More recently, Sudo and Akimoto (2007) used a tagged tracer method in a global chemical climate model to estimate that 23 % of tropospheric ozone comes from the stratosphere. The troposphere in polar regions is, however, to a large extent statically stable and not well mixed in the vertical direction. As a result, most of the stratospheric O 3 is found in the upper troposphere. For example, according to the modelling study by Sudo and Akimoto (2007) , for the high-Arctic site of Resolute Bay, as much as 75 % of ozone at 300 hPa (in spring) has a stratospheric origin, but less than 20 % at 800 hPa. Studies of transport into the Arctic (Stohl, 2006) and into coastal Antarctica (Stohl and Sodemann, 2010) using a Lagrangian particle dispersion model have concluded that less than 0.5 % could be traced to the stratosphere within the 10-day tracing interval. Slightly higher values, up to 2 % were found for the high-altitude region of the Antarctic Plateau. On the other hand, an analysis of observed seasonal variations in surface ozone, combined with modelling using an atmospheric chemistry GCM (Tarasova et al., 2007) concluded that about 55 % of surface ozone at polar sites (including Barrow, Alaska, Neumayer and Syowa in costal Antarctica) comes from the stratosphere. So, although a stratospheric influence on the tropospheric column as a whole is generally agreed, there is less consensus regarding the relative contribution of stratospheric ozone to surface ozone concentrations in the polar regions.
Air is transported from the stratosphere to the troposphere (and vice-versa) through a variety of processes known as stratosphere-troposphere exchange (STE). Tropopause folds have been identified as a likely major source of STE (Shapiro, 1980; Holton et al., 1995) outside the tropics. These are synoptic-scale intrusions of tongues of air with stratospheric characteristics (high O 3 , low humidity and high potential vorticity, PV) which are forced down into the troposphere at boundaries between warmer and colder air masses in the upper troposphere, close to the sub-tropical and polar jets. Analysis of global meteorological data by , found that STE due to tropopause folds was indeed important in the subtropics, but it seemed that folds were too rare at higher latitudes to make a significant contribution. Erosion of cut-off low systems and breakup of stratospheric streamers were instead proposed as possible sources of STE in the extratropics. Further studies, again using global meteorological data (Sprenger et al., 2007) confirmed a link between STE, streamers and cut-off lows at mid and high northern latitudes, although the link was less clear for the highest latitudes, i.e. the Arctic.
A number of studies of STE have been made based on direct observations, and fine-scale modelling, at high northern (including Arctic) latitudes. Stratospheric intrusions have been detected for example by in-situ measurements (using ozonesondes or aircraft) as layers of air with higher ozone mixing ratios and lower humidity in the troposphere (Van Haver et al., 1996; Beuermann et al., 2002; Dibb et al., 2003; Rao and Kirkwood, 2005; Semane et al., 2007) . These show that intrusions of stratospheric air (tropopause folds), down to heights as low as 2 km, occur at high northern latitudes, but they are not resolved by the usual detection methods based on global meteorological databases. Assimilation of satellite limb measurements has been proposed as one way to improve detectability of such stratospheric intrusions using global meteorological databases (Semane et al., 2007) . A new global real-time Lagrangian diagnostic system for STE has been developed by Bourqui et al. (2012) and first tests, using comparison with a campaign of daily ozonesonde launches in Eastern Canada, showed an unexpectedly high number of observed stratospheric intrusions with stratospheric air below 500 hPa (700 hPa) found in 79 % (38 %) of profiles.
VHF wind-profiler radars have also proved to be useful tools for tropopause fold studies, with some radars offering the possibility of long series of observations so that climatologies can be made. This is due to a close relation between radar reflectivity and static stability (e.g. Vaughan et al., 1995; Hooper et al., 2004) . Folds can be readily observed in radar data as high level frontal zones (sloping layers of high radar reflectivity) descending from the tropopause into the middle troposphere, or lower. They are generally accompanied by a change in the height of the tropopause (also readily identified as a boundary with high reflectivity) suddenly increasing by hundreds of meters (up to 3 km in individual cases). Often a change in the wind direction near the frontal zone and frontal circulation in the vertical velocity can also be detected by the radar. For example, VHF radars have been used to study folds at mid-to high latitudes over Britain by Vaughan et al. (1994) ; Reid and Vaughan (2004) , and over Eastern Canada by Hocking et al. (2007) . At Arctic latitudes (68 • N in Sweden) they have been studied using radar by Rao and Kirkwood (2005) and Rao et al. (2008) . By making comparisons with ECMWF analysis, Rao et al. (2008) found that folds detected by the radar were generally associated with streamers or cutoff lows. Since the radar had operated continuously over many years they were also able to study the climatology of the folds. They found that the occurrence rate was substantially higher (5-10 %) than expected according to the analysis of global meterological data by (0-2 %), suggesting that there may in practise be many unresolved tropopause folds associated with the cutoff lows and streamers found using global meteorological databases.
Although there are many observational and fine-scale modelling studies of STE and tropopause folds at high northern and Arctic latitudes, very little has been published concerning high southern or Antarctic latitudes. To our knowledge, the only published study for the region south of 45 • S is by Baray et al. (2012) . This is based on ozonesondes launched from Kerguelen Island (49 • S) and fine-scale Lagrangian trajectory tracking. Evidence was found for intrusion of stratospheric air close to the jet stream (tropopause fold) down to the 550 hPa level.
In 2007, a new, small VHF wind profiler radar, MARA (Kirkwood et al., 2007) was deployed in Queen Maud Land, Antarctic (73 • S, 13.5 • W). Although operations were restricted to a few weeks each summer season, it was soon apparent that very similar structures to those identified as tropopause folds by VHF radar at Arctic latitudes, were also seen over the Antarctic site. Since the ECMWF-based study of found no evidence for folds over this location during the summer months, this was somewhat surprising. As complementary in-situ measurements are preferable to properly identify folds, ozonesondes were launched at the radar site in subsequent summer seasons when the radar indicated fold-like signatures. In this paper we present a first case study of a tropopause fold observed by MARA, with co-located ozonesonde measurements and a comparison with the way in which the situation can be represented by ECMWF (European Centre for Medium-Range Weather Forecasts) synoptic data and by a mesoscale model constrained by ECMWF analysis, the WRF (Weather Research Forecast) model (Skamarock and Klemp, 2008) .
Instruments and data

Radar and sonde observations
MARA (Movable Atmospheric Radar for Antarctica) is an interferometric 54.5 MHz wind profiler radar. It was installed and operated at the Swedish/Finnish summer stations WASA/Aboa in Queen Maud Land (73 • S, 13.5 • W) in the austral summer season of 2006/2007 (Kirkwood et al., 2007) and during 3 summer seasons until the season 2010/2011. (After this season MARA was moved to its present location at the Norwegian station Troll 72 • S, 2.5 • E and is in operation year-round.) The measurements considered here were made in the season 2010/2011. The quantities measured are profiles of echo power plus Doppler shift, auto and cross correlations at and between 3 receivers, each connected to a separate antenna sub-array. Signal-to-noise ratio (SNR) and buoyancy frequency are derived from the echo power and horizontal wind speeds are calculated using full correlation technique and the cross-correlations between the 3 receivers (Holdsworth and Reid, 1995) . Vertical wind speed is determined from the doppler shift but is not used in the present study. Turbulence estimates (velocity variations in the vertical direction) can also be found using the full correlation technique but high SNR is needed for useful accuracy. Buoyancy frequency is calculated for easier direct comparison with the profile of static stability from model data. This is possible since, for vertically pointing radars operating around 50 MHz, the echo power returned from the upper troposphere and lower stratosphere is predominantly determined by the mean temperature gradients (with allowance for the distance from which it is returned and the scale height of atmospheric density). Echo power can thus be scaled to provide an estimate of static stability:
where P r is radar echo power, z is height and H is atmospheric scale height or time. F e is constant of proportionality, independent of height. In the case where humidity is or can be assumed to be negligible, as in the upper troposphere and lower stratosphere, R B provides a good estimate of buoyancy frequency (Kirkwood et al., 2010, or for further details Hooper et al., 2004) . The constant of proportionality, F e , in this case was found by comparison with ozonesonde measurements made on 29 December (the sonde measurements are described in more detail in the Sect. 5).
During the 2010/2011 season MARA was running in two operating modes summarized in Table 1 . The two modes were operated in alternate minutes, with fca 150 providing good height resolution (150 m) but relatively low SNR while fca 4500 has poorer height resolution (600 m) but higher SNR. MARA observations for a 3-day period in December 2010 are shown in Fig. 1 , where fca 150 forms the basis of the measurements shown for SNR and buoyancy frequency at all heights, and wind speed and direction below 5 km altitude. Above 5 km, SNR becomes much lower and wind estimates are from fca 4500, although even with the higher SNR provided by this mode, there are still large gaps due to low SNR. In the two uppermost panels of Fig. 1 , we show SNR and static stability (buoyancy frequency) derived from the MARA measurements. The white crosses mark the position of the radar-derived tropopause. This has been found by first making 90-min averages of the buoyancy frequency profiles, and then looking for the maximum vertical gradient (evaluated over a 450 m interval) between 6 km and 11.6 km altitudes. Here a change of the tropopause height can be seen from around 9.5 km late on the 27 December, descending to approximately 7 km height on the morning of the 28th after which a multiple or indistinct tropopause starts to be observed for a while, then rising to approximately 10.5 km by noon on 29 December. The suspected tropopause fold is seen as thin layers of enhanced SNR/higher static stability descending from the tropopause height starting in the afternoon of the 28th. In fact, part of this fold-like structure, just after midnight on the 29th is mis-identified as the tropopause by the gradient-searching algorithm. The change of tropopause height, and the descending layer, are very similar to tropopause fold signatures identified at Arctic latitudes (Rao and Kirkwood, 2005) .
ECMWF and WRF models
For further analysis of the situation observed by MARA, ECMWF deterministic operational model analysis data was used and the observed tropopause fold was also modelled by the WRF model with high spatial and time resolutions.
The ECMWF operational analysis was investigated for the period between 27 December 2010 and 30 December 2010, at tropospheric and lower stratospheric heights. This data is available with a horizontal resolution of approximately 16 km (0.125 degrees) and 4 times per day (each 6 h). For the purpose of this case study, we looked at the data on pressure, isentropic and potential vorticity levels. To show the development at the level of the dynamical tropopause, we use tropopause maps, here based on the −2 pvu level (1 pvu = 10 −6 K m 2 kg −1 s −1 , the negative value being used because of the location in the Southern Hemisphere) (Holton et al., 1995) .
The WRF numerical experiment presented here consists of two, two-way nested, polar stereographic domains at horizontal resolutions 6 and 2 km (Fig. 2, dashed lines) , with 95 vertical levels up to 20 hPa (approximately 25 km). The vertical spacing is stretched from 60 m to 350 m at the lowest and highest level, respectively. Rayleigh damping in the uppermost 5 km was introduced in order to avoid spurious wave reflection from the model lid (following Durran and Klemp, 1983) . The terrain elevation of the inner model is specified by the data from the Radarsat Antarctic Mapping (RAM) Project Digital Elevation (PDE) Model Version 2, originally at 1 km resolution (Liu et al., 2001) . The numerical experiment starts one day before the period of interest on 26 December 2010 at 00:00 UTC and is run for 4 days. It is coupled with ECMWF operational analysis at the initial time and every 6 h at the boundaries of the outer domain. The model equations are integrated in the outer and inner domains at time steps of 24 s and 8 s, respectively. The inner
3a) Fig. 3 . ECMWF operational analysis based geopotential height (gpm) and wind speed (m s −1 ) at 300 hPa level (1a, 2a, 3a) and potential vorticity (pvu) (thick line −2 pvu value) at 315 K isentropic level (1b, 2b, 3b) on 28 December 2010 06:00 UTC (1a, 1b), 29 December 2010, 00:00 UTC (2a, 2b) and 29 December, 12:00 UTC (3a, 3b). Map grid used as seen in Fig. 2a . Red star marks position of MARA radar.
model outputs containing the usual dynamic and thermodynamic variables are then saved every ten minutes. Convection is explicit in the inner and outer domains and microphysics is parameterized with the 3-class liquid and ice hydrometeors scheme of Hong et al. (2004) . Radiative processes are represented with the long and shortwave radiation schemes of Mlawer et al. (1997) and Dudhia (1989) , respectively. Subsurface heat conduction was calculated with a scheme based on a 5-layer snow temperature, and the turbulent transport of heat, moisture, and momentum was parameterized in the whole atmospheric column with the scheme of Hong et al. (2006) . Outputs from the ECMWF and WRF models are displayed for the map sections shown in Fig. 2 , where the red star denotes the position of MARA. Section Fig. 2a is used for the synoptic overview (Fig. 3) . Figure 2b is used to show ECMWF tropopause maps ( Fig. 4 -1a, 2a, 3a) and Fig. 2c is the map section for WRF tropopause maps ( Fig. 4 -1b,  2b, 3b) . Vertical cross-sections ( Fig. 5 ) from both models are shown along the 13.5 • W longitude (Fig. 2d ). Model outputs for the synoptic situation, tropopause and vertical crosssection maps are shown for the following times: 28 December 2010, 06:00 UTC (at the beginning of the tropopause fold observation with MARA), 29 December 2010, 00:00 UTC (in the middle of the tropopause fold observation by MARA) and 29 December 2010, 12:00 UTC (at the time of the ozonesonde ascent). The figures are discussed in more detail in the following sections.
Synoptic overview
On the 27 December 2010, a low pressure system was located at the surface to the north of MARA (not shown here), moving slowly to the east. The low pressure system was deepening and was connected with a trough of low pressure from the south with wind jets on its north and eastern flanks, visible on the 300 hPa level (Fig. 3 -1a ). Subsequently, the lowpressure system advanced to the east and formed a high level low pressure system to the northeast of MARA (Fig. 3 -2a ). During 29 December 2010, a weak ridge of high pressure extending from the northwest formed over the MARA location ( Fig. 3 -3a ). Throughout this time a streamer of high potential vorticity is visible above the MARA location on the 315 K isentropic level (Fig. 3 -1b-3b ). The thicker black line in this figure marks the −2 pvu contour. This value represents borders of air-mass with stratospheric properties. The development of the streamer into a filamentary structure during the analysed period can be seen on Fig. 3 -1b, 2b and 3b .
Tropopause fold characteristics: model and radar
The horizontal and vertical structure of the observed fold as seen by ECMWF analysis and WRF (6 km domain) model is shown in the subsequent figures. In Fig. 4 we show tropopause maps at the times 28 December, 06:00 UTC ( Fig. 4 -1) , 29 December, 00:00 UTC (Fig. 4 -2) and 29 December, 12:00 UTC (Fig. 4 -3) based on the ECMWF model ( Fig. 4 -a) and WRF model ( Fig. 4 -b) . The tropopause (Fig. 2d ). From 28 December 2010, 06:00 UTC (1), 29 December 2010, 00:00 UTC (2) and 29 December 2010, 12:00 UTC (3) ECMWF model (a, b) and WRF model (c, d) . White line in all pictures represents the −2 pvu level of potential vorticity, vertical grey line is the location of MARA measurements, black lines show wind speed isotachs (m s −1 ), colour bar scales in panels (a) and (c) show the potential temperature (K) and panels (b) and (d) buoyancy frequency (s −1 ). WRF data are from the domain with 6 km horizontal and 3 h time resolutions. maps show the topography of the dynamical tropopause and wind speed and direction at this level. In Fig. 4 -1a, 2a , and 3a we can see a strong depression in tropopause height approaching the site of MARA (red star). The dynamical tropopause height changes from 9 km through around 7.5 km to 10.5 km. Lower heights of the tropopause are observed on the flank of a jet stream visible in the wind data. The WRF model provides tropopause maps in a smaller area with higher resolution (Fig. 4 -1b, 2b, and 3b ). They reveal a complicated structure of the dynamical tropopause surface. The vertical structure, development and movement of the fold in the model data can be seen in the vertical crosssections along the longitude 13.5 • W in Fig. 5 . This shows cross-sections of potential temperature ( Fig. 5 -a ECMWF,  Fig. 5 -c WRF), buoyancy frequency ( Fig. 5 -b ECMWF, Fig. 5 -d WRF) and wind speed (represented by the isotachs in all subfigures of Fig. 5 ). The dynamical tropopause is represented by a −2 pvu level isoline (white line) and the position of the MARA measurements is marked with a grey vertical line. A fold structure, approaching the MARA location from the equatorward direction, is clearly seen in the −2 pvu contour for the WRF model simulations, but appears only as a depression in the height of this contour in the ECMWF data. Changes in the spacing of isentropic levels between stratosphere and troposphere and in the fold are visible as is the higher buoyancy frequency (higher static stability) in the fold. The fold is positioned on the poleward flank of a weak jet stream which is more visible in the WRF model data, than in the ECMWF data. It is also clear that the jet weakens as the fold approaches the MARA location. The WRF model with its higher resolution shows the fold structure in detail, with descent of the dynamical tropopause to rather low height (around 5.5 km), supporting the interpretation of the structure seen by MARA as related to a tropopause fold. It is significant, though, that according to the WRF simulation, the fold does not pass over the radar site toward the pole.
For a more detailed comparison of radar and model data, the time development of buoyancy frequency and wind at the MARA location from the 2-km resolution, innermost domain of WRF model is shown in Fig. 6 . In the top panel, we show buoyancy frequency inferred from WRF data with a time resolution of 10 min. The two lower panels show corresponding wind speed and direction from WRF. The buoyancy frequency exhibits very good agreement with the corresponding MARA observations (Fig. 1) , although the layers in the troposphere are sharper in MARA data. In WRF data, we can see essentially the same behaviour of the tropopause height (the boundary between low and high buoyancy frequency) as with MARA. There are weak layers of higher static stability descending into the troposphere at the same time as the suspected fold structure seen by MARA. WRF even observes the same signature of gravity waves in the lower stratosphere as in MARA (on 27 December). There is also reasonable agreement between the WRF winds and those estimated by MARA, although the large gaps in coverage for MARA do not allow a comprehensive comparison. At the time of the ozonesonde launch on 29 December (marked by the black lines in Fig. 1 ), WRF and MARA agree on the height of the sharp increase in windspeed (at about 3 km) although the wind directions below this height are rather different. On the basis of this comparison there is no reason to question the accuracy of the WRF model in representing the characteristics of the fold. For a further check, we next consider the measurements by the ozonesonde.
Tropopause fold characteristics: ozonesonde
An ozonesonde was launched on 29 December 2010 at 11:00 UTC, providing measurements of temperature, humidity and ozone concentration. This used a standard Meteolabor SRS-C34 sonde with an ECC ozone sensor. Near-vertical black lines in Fig. 1 represent the time of ascent and descent of the ozonesonde. The sonde measurements are shown in detail in Fig. 7b-d, where a cross-section through the fold from the WRF model is also shown (Fig. 7a ). The positions of the ascent and descent path of the sonde are shown by red and green lines, respectively, on the cross-section. Contact with the sonde was lost for a few minutes during ascent, as it travelled between 9.5 km and 12 km height. Temperature and wind measurements covering this gap are available from the descent, but not ozone. First we can note that the thermal tropopause (at 10.5 km on descent) agrees well with the sharp increase in static stability in the WRF model and in MARA data. Several sharp layers/ledges of air with higher ozone concentrations and lower humidity can be seen in the Due to loss of contact with the sonde between 9.5 km and 12 km height, the ascent data exhibits a gap in measurements. Temperature and wind measurements covering this gap are available from the descent, but not ozone or relative humidity. lower troposphere, around 3.5 km, 4 km and 5 km. Above 6 km the humidity is low and the sonde measurement unreliable, but we can see that ozone concentration rises slowly up to 8 km, then peaks before falling back at 9 km. Finally, once the sonde is in the stratosphere above 12 km ozone concentrations are high. Fig. 7d compares the layering in ozone and humidity with buoyancy frequency estimated by the sonde and by MARA. It is clear that, up to 6 km height, the sonde and MARA see the same stable layers and two of them, at 3.5 km and 5 km, are associated with layers of enhanced ozone. The largest peak in ozone density (at 8.5 km), coincides with a small peak in static stability according to the sonde, although nothing is obvious at the height in MARA results. This may be due to the very narrow (in latitude) scale of the fold so that it is not exactly coincident with the MARA profile.
Wind profiles from the sonde are compared with the WRF model results in Fig. 7c . Here we see the contrast in wind speed around 9 km height between ascent and descent paths, in both WRF and sonde data, nicely confirming that the sonde sampled exactly at the position in the fold structure suggested by the WRF model, i.e. on ascent, just crossing to the equatorward side above 8 km, on descent, always just on the poleward side. Comparing the ozone enhancements seen by the sonde (Fig. 7b) with the PV contours estimated by WRF ( Fig. 7a) we can see that the highest ozone peak (at 8.5 km) corresponds to PV < −3 pvu, and the ledge at 5 km and the peak at 3.5 km correspond to crossings into regions with PV < −1 pvu. So the enhanced ozone at this level may not have come directly from the stratosphere, but perhaps from the extratropical transition layer (see e.g. Gettelman et al., 2011) .
Summary and conclusions
A tropopause fold reaching the location 73 • S, 13.5 • W in Antarctica was observed by the MARA VHF wind-profiling radar between 27 and 29 December 2010. On 29 December 2010 additional measurements were made by a balloonborne Meteolabor ozone sonde with ECC sensor and vertical profiles of temperature, relative humidity, ozone mixing ratio, wind speed and wind direction were measured at 11:00 UTC. The observations have been compared with each other, and with the behaviour of the dynamical tropopause as seen in ECMWF operational model analysis and highresolution WRF model data.
Comparison of the radar and ozonesonde measurements, with the WRF model using two-way nested grids with an outer domain with resolution 6 km and an inner domain with resolution 2 km and with 3-h time resolution, shows that this model configuration is adequate to show the development of a tropopause fold and track its location. With the inner domain close to the radar site (2 km resolution) with 10-min time resolution, WRF captures details in layered structures in buoyancy frequency as seen by MARA, although they are not as sharp in height. The fold approached the location of the radar from the north, and just reached the radar site. The ozonesonde made its ascent starting on the poleward side then crossed to the equatorward side of the fold, but descended entirely on the poleward side. During ascent, the ozonesonde detected layers or ledges of enhanced ozone, enhanced static stability and lower humidity at 3.5 km and 5 km heights. These correspond to levels in the WRF model where the potential vorticity fell below −1 pvu. A stronger layer of enhanced ozone was detected at 8.5 km altitude with a weak signature in static stability, corresponding to PV < −3 pvu in the WRF model. The ozone-rich layer at 3.5 km and the ledge at 5 km coincide with layers of high static stability seen in the MARA data (Fig. 1 ), which can be followed backwards in time up to tropopause heights. This suggests that they are indeed intrusions of stratospheric air or of air with mixed stratospheric and tropospheric characteristics from the extratropical transition layer. The lower layer, however, lies very close (in MARA observations) to a layer that remains at low height, below 4 km, throughout the period of observation. Back-trajectories (not shown) show that air at these heights comes from close to the surface in the interior of Antarctica. Since ozone production can occur near the ice surface in summer (Helmig et al., 2008) , we cannot rule out the possibility that this source contributes.
From comparison of MARA, WRF and ozonesonde results with the ECMWF analysis, we can conclude that, even though ECMWF operational analysis recognizes a folded structure of the dynamical tropopause, this is shallow and does not give a correct impression of the deep penetration of stratospheric air into the tropopause.
It seems that MARA measurements and the WRF model will be useful tools for further studies of the behaviour, characteristics or climatology of tropopause folds in coastal Antarctica. At a similar latitude in the Arctic, radar measurements have shown that tropopause folds are most frequent in the winter season (Rao et al., 2008) , being present on up to 10 % of winter days. Presently, MARA is stationed at the Norwegian year round station Troll (72 • S, 2 • E) measuring also during the Antarctic winter season so a similar climatological study should be possible for this location.
